We identify and describe a series of east-west left-lateral strike-slip faults (named the SonginoMargats, the Hag Nuur, the Uliastay and the South Hangay fault systems) in the Hangay mountains of central Mongolia: an area that has little in the way of recorded seismicity and which is often considered as a rigid block within the India-Eurasia collision zone. The strikeslip faults of central Mongolia constitute a previously unrecognized hazard in this part of Mongolia. Each of the strike-slip faults show indications of late Quaternary activity in the form of aligned sequences of sag-ponds and pressure-ridges developed in alluvial deposits. Total bed-rock displacements of ∼3 km are measured on both the Songino-Margats and South Hangay fault systems. Bed-rock displacements of 11 km are observed across the Hag Nuur fault. Cumulative offset across the Uliastay fault systems are unknown but are unlikely to be large. We have no quantitative constraint on the age of faulting in the Hangay. The ≤20 km of cumulative slip on the Hangay faults might, at least in part, be inherited from earlier tectonic movements. Our observations show that, despite the almost complete absence of instrumentally recorded seismicity in the Hangay, this part of Mongolia is cut through by numerous distributed strike-slip faults that accommodate regional left-lateral shear between Siberia and China. Central Mongolia is thus an important component of the India-Eurasia collision that would be overlooked in models of the active tectonics based on the distribution of seismicity. We suggest that active faults such as those identified in the Hangay of Mongolia might exist in other, apparently aseismic, regions within continental collision zones.
and with pristine scarps and landforms, generated during several repeated earthquake cycles, present along many active fault zones (Baljinnyam et al. 1993; Vassallo et al. 2007) . The high level of preservation of fault-related landforms allows us to generate detailed maps of active faulting, and to characterize the styles of active faulting, without the need for instrumentally recorded earthquakes.
In the following sections, we first provide a brief overview of the geology and active tectonics of central Mongolia. We then go on to describe indications of active faulting preserved along the western margin of the Hangay mountains in the aseismic interior of the country: an area previously thought not to be deforming on a regional scale. As well as helping to constrain the active tectonics of an important part of the India-Eurasia collision, our observations also test whether the active faulting in the Hangay results solely from stresses introduced by the locally elevated topography (e.g. Baljinnyam et al. 1993; Cunningham 2001) or whether the active faults might instead accommodate regional strain across Mongolia (Walker et al. 2007 ).
R E G I O N A L S E T T I N G
The active tectonics of western and central Mongolia result from the continental collision between India and Eurasia (e.g. Tapponnier & Molnar 1979) . Roughly 10 mm yr −1 of north-south shortening is accommodated across the Altay mountains of western Mongolia and adjacent parts of China, Kazakhstan and Siberia (Fig. 1 , Calais et al. 2003) . The onset of Cenozoic shortening in Mongolia is thought to date from the Oligocene based on the influx of course clastic sediments into surrounding basins (Devyatkin 1974) . However, several of the individual ranges of the Altay and Gobi-Altay appear to date from <10 Ma (Howard et al. 2003; Vassallo 2006; Vassallo et al. 2007) , suggesting that the deformation within at least some of the presently active zones is relatively young.
North-south shortening in western Mongolia is accommodated by a combination of right-lateral strike-slip and anticlockwise vertical axis rotation of crustal blocks within the Mongol Altay mountain range (Baljinnyam et al. 1993; Calais et al. 2003; Bayasgalan et al. 2005) . GPS measurements show central Mongolia to be moving eastward with respect to Siberia (stable Eurasia). The resulting east-west left-lateral shear is manifest in the Bulnay strike-slip fault in the north of the country and faults of the Gobi-Altay in the south (Fig. 1) . The Hangay mountains occupy the region between these two fault systems.
The dome shaped Hangay mountains reach elevations of up to ∼4000 m and are composed primarily of granites, gneisses and other metamorphosed rocks of Pre-Cambrian and early Mesozoic age (Mongolian Academy of Sciences 1998; Cunningham 2001) . Much of the exposed structure in central Mongolia is inherited from widespread tectonic movements in the Palaeozoic (Sengor et al. 1993) . Remnants of a regionally extensive erosion surface, which by correlation with other erosion surfaces in Mongolia ) is assumed to be of Mesozoic age, are present on the lowrelief summits of the Hangay (Cunningham 2001) . Correlation of this erosion surface with counterparts in the basins south and west of the Hangay suggests ∼2000 m of surface uplift (Cunningham 2001) . At present, there are no firm constraints on the duration and timing of this uplift, though an increase in clastic sedimentation in surrounding basins in the mid-Oligocene (∼25-30 Ma) is inferred to mark the onset of the Hangay as a sediment source (Yanshin 1975; Cunningham 2001) . The origin of the elevated topography of the Hangay is not clear. The presence of an anomalously hot mantle beneath the Hangay is suggested on the basis of widespread Plio-Quaternary basaltic volcanism (e.g. Windley & Allen 1993) and high heat flow (Cunningham 2001) . It is also possible that the elevated topography results from the presence of underplated magmatic rocks (e.g. Petit et al. 2002; Bayasgalan et al. 2005) .
Scattered normal faults, with evidence of late Quaternary movement, are mapped within the Hangay region (Tapponnier & Molnar 1979; Baljinnyam et al. 1993; Cunningham 2001) . The active faulting is interpreted to result solely from localized stresses introduced from surface uplift (Baljinnyam et al. 1993; Cunningham 2001) . The absence of regional, through-going, strain has led to the Hangay being thought of as a non-deforming block within the India-Eurasia collision zone. In the following sections we uncover evidence for widespread strike-slip faulting, active in the late Quaternary and of an orientation compatible with the regional strain field. Our observations show that the Hangay is deforming in a manner compatible with the regional strain field and uncovers a previously unknown component of the India-Eurasia collision zone.
S T R I K E -S L I P FAU LT I N G I N T H E W E S T E R N H A N G AY M O U N TA I N S
In the following section we show, using evidence identified both from the field and from analysis of satellite imagery, that the western margin of the Hangay mountains is deforming by slip along a series of east-west, left-lateral, strike-slip faults (as shown on Fig. 1 ). Not all of the faults are mapped here for the first time. The western portion of the Hag Nuur fault system is marked on the map of Bayasgalan et al. (2005) . Some of the discontinuous scarps close to Uliastay city feature on the maps of Tapponnier & Molnar (1979) and Bayasgalan et al. (2005) . Individual segments of the South Hangay fault system are identified on the maps of Tapponnier & Molnar (1979) , Schlupp (1996) , Cunningham (2001) and Bayasgalan et al. (2005) . In addition, the South Hangay fault as a single, continuous, structure was described by Walker et al. (2007) . Aside from the South Hangay fault no detailed description exists for any of the faults that we examine in the following sections, in turn, from north to south.
The Songino-Margats fault system
The Songino-Margats fault system extends for at least 150 km between Oigon Nuur to longitude ∼94
• 10 E (Fig. 2) . It is composed of several, apparently discontinuous, segments. The easternmost part of the fault (near longitude ∼96
• 20 E) consists of two curved strands surrounding an area of elevated topography. The southern of these two subparallel segments was investigated in the field and is shown in detail in Fig. 3 . In the western part of Fig. 3 , the fault trends ∼125
• , and possesses a vertical, up to the north, component of slip. The scarp interrupts a northeast-flowing stream network, causing draiange diversion, incision and abandonment to leave dry valleys (Fig. 3) . The scarp faces to the northwest, is relatively steep, and is ∼1-1.5 m high.
In the eastern part of Fig. 3 the fault trace abruptly bends to a trend of ∼70
• . As it bends, the scarp height decreases, and the fault trace is instead marked by a series of small depressions, which we interpret to result from an increase in the strike-slip component of motion. By comparison with observations from elsewhere along the Songino fault-as described later in this section-the strike-slip component is likely to be left-lateral. Hence, the section of the fault that trends at ∼125
• is likely to possess a component of shortening. Fig. 1(a) showing the distribution of normal (blue) and strike-slip (red) faults that can be reliably defined, either due to earthquakes, or from unambiguous evidence of late Quaternary movement. . Dry valleys preserved on the uplifted northern side are marked by white stars. Active drainage channels incise through the northern, uplifted, side of the fault. As the fault bends to trend of ∼70 • , the vertical component decreases, and we infer that the fault is almost pure strike-slip in this part.
The fault cuts across an alluvial plain surrounded both to the north and south by mountainous topography. The existing topography does not, therefore, appear to result from uplift across the fault. West of longitude ∼96
• 10 E, we identify a 30-km-long eastwest section of fault, passing just to the south of Songino town, and developed in alluvial deposits (Fig. 2) . In Fig. 4 (a) the fault trends roughly east-west at both margins of the image but in the centre of the image it bends round to a trend of ∼115
• . The fault trace is marked by a linear arrangement of vegetation (which appears red for the band combination used in the figure). Further details of faulting are revealed in a close-up ASTER image of a short section of the fault (Figs 4b and c) . At this scale, the fault trace is seen to consist of a series of closed and elongate depressions (sag ponds), some containing ponded water, which can be several hundred metres long and up to 50 m wide (e.g. Fig. 4d ). The long axes of most of the elongate depressions are oriented at ∼70
• (e.g. Figs 4c and d), oblique to the overall 90
• trend of the fault, and forming a right-stepping en-echelon arrangement along the fault trace (the remainer are oriented parallel to the local trend of the fault). Rightstepping, en-echelon, sag-ponds are diagnostic of left-lateral strikeslip faulting (Armijo et al. 1989) . Occasional pressure ridges are observed along the fault trace (Fig. 4e) . The 105
• orientation of the pressure ridge shown in Fig. 4 (e) relative to the overall trend of the fault is again indicative of left-lateral faulting.
We did not investigate the faulting west of Songino town. However the continuation of the fault is easily traced on satellite imagery (Figs 2 and 5). A prominent east-west segment, which we refer to as the Margats fault, extends roughly 60 km west from near the town of Margats to longitude ∼94
• 10 E (Fig. 2) . Fig. 5 (a) is a LAND-SAT image showing the trace of the Margats fault near longitude ∼95
• E. The east-west trace appears to be composed of a series of aligned sag-ponds and pressure ridges, and is likely to be similar in (RGB 5, 4, 1) showing an ∼1.5-km-long depression situated at a left-step in the fault trace. This pull-apart is a further indication of left-lateral slip. (b) ASTER image (RGB 3n,2,1) of the Margats fault strand as it cuts through a region of low hills exposing bed-rock. The fault splits into several strands as it enters the bedrock exposure. A series of distinctive rock units (A to E, with the contacts between the units highlighted with dotted red lines) appear to be displaced left-laterally across the fault segments. The largest apparent displacement is ∼2.5 km in the contact between units A and B across the northernmost fault strand. The two other fault strands may account for an additional 0.3 and 0.7 km of left-lateral displacement (measured from displacements in the contacts between units C, D and E). These bed-rock displacements may be partly inherited from earlier phases of faulting.
appearance to the sites studied near Songino town (described earlier). At longitude 95
• 02 E the fault steps ∼500 m to the left-hand side. Low topography within the step-over zone, and an apparent ponding of drainage (inferred from light-coloured material in the step-over that may represent lake-bed deposits), indicate that a small pull-apart basin has formed at the step-over. The pull-apart is ∼2 km long. Farther west, the fault splits into several subparallel strands that cut through low, eroded, hills exposing bed-rock (Fig. 5b) . Several distinct units (labelled A-E on Fig. 5b with contacts between the units marked by dashed red lines) can be discerned, based on their colour and outcrop pattern. The northern strand displaces a contact between units A (orange-brown with occasional darker crags) and B (pale grey with NE-SW lineations running through it). The displacement is left-lateral and is measured at ∼2.5 km. The other fault strands cut through a sequence of three units (C, D and E). Unit C is grey in colour, D is a pale orange colour, and E forms dark-coloured crags. We estimate displacements of ∼0.3 and 0.7 km across the other two fault strands (most easily seen in the displacement of the contact between units D and E in Fig. 5b ). The total geological displacement along this part of the Songino-Margats fault system, therefore, appears to be ∼3.5 km, but this displacement may be partly inherited from Palaeozoic tectonic events.
The Margats and Songino fault segments are separated by two NNW-SSE-trending faults (Fig. 2) . The western of these two faults is the Teregtiyn fault, which ruptured during the 1905 Bulnay earthquake with a combination of reverse and right-lateral strike-slip (Baljinnyam et al. 1993; Schlupp & Cisternas 2007) . The eastern of the two faults has not previously been mapped. From its proximity and similarity in orientation with the right-lateral Teregtiyn fault, and from the lack of relief across it, we assign it a right-lateral sense of slip. At the very western end of the Songino fault system a third NNW-SSE-trending fault is mapped (Fig. 2) . From the similarity in strike to the right-lateral Teregtiyn fault we have tentatively assigned a right-lateral sense of slip to this third fault. . Shaded-relief SRTM-90 digital topography of the Hag Nuur fault system (see Fig. 1 for location). The main segment of the Hag Nuur fault trends east-west across the centre of the image. East of Hag Nuur lake, the fault bends to a NW-SE trend and acquires a vertical component of slip, which we interpret to result from shortening across the fault. East of longitude ∼97 • 10 E, we have inferred the fault to follow a prominent valley that bends back to an east-west direction. Hag Nuur lake appears to be situated in a small pull-apart basin along the fault and is surrounded by short NE-SW fault scarps. A series of NNW-SSE right-lateral faults branch from the north side of the Hag Nuur fault between the towns of Yaruu and Ider. Another series of apparently left-lateral scarps are noted to the north and south of Uliastay city. Otgon Tengger, the highest peak of the Hangay, is situated in the lower right-hand side of the image. The boxes show the areas represented in later figures.
The Hag Nuur fault system
The Hag Nuur fault system is shown on Fig. 6 . It extends, in a roughly east-west orientation from longitude ∼95
• 30 E, past Hag Nuur lake and the town of Yaruu, before bending to a WNW-ESE orientation and heading into the mountainous interior of the Hangay. Between the towns of Yaruu and Ider a series of NW-SE faults branch from the main Hag Nuur fault. We infer that the Hag Nuur fault continues on an east-west orientation east of 97
• 10 E (as discussed later). We first describe the western parts of the Hag Nuur system (between longitude 95
• 25 E and Yaruu town; Fig. 6 ), where the overall fault trend is roughly east-west, before going on to describe the areas east of Yaruu. • 50 E and 96
The western Hag Nuur fault
• 30 E the fault trends east-west. The fault trace is clearly visible along this east-west section in ASTER imagery (Figs 7b-d) . In Fig. 7 (b) the fault trace consists of a series of elongate narrow ridges and closed depressions. A field photograph, looking 80
• along the long axis of one of the elongate depressions in shown in Fig. 8(a) . This depression is ∼200 m long and 50 m wide. As at Songino (Section 3.1), we interpret the depressions and ridges as sag-ponds and pressure ridges, formed by cumulative movement on the Hag Nuur fault. The orientation of the sag-ponds (∼80
• ), relative to the local trend of the fault (∼90
• ), is indicative of left-lateral faulting.
Further east, the Hag Nuur fault continues to trend east-west (Fig. 7c) . At longitude 96
• 11 E the fault bends to an orientation of ∼105
• and acquires a vertical component of slip with uplift of the south of the fault. This change in character as the fault bends suggests that east-west is the orientation of pure strike-slip. Streams flowing northward from the uplifted topography south of the fault have incised through the alluvial cover. One of these incised streams shows an apparent 7 m left-lateral displacement where it is cut by the fault (Fig. 8b) . We note, however, that other incised streams along this section of the fault do not show convincing evidence of left-lateral displacement.
In the area covered by Fig. 7(d) , the Hag Nuur fault regains an east-west trend, and cuts across a flat alluvial plain. The fault trace is still marked by elongated sag ponds interspersed with occasional pressure ridges. Many of the sag ponds are in excess of 100 m long (e.g. Fig. 8c ) and presumably result from cumulative movements on the fault. However, there are several short sections of right-stepping depressions of a size and scale-with typical lengths of ∼20 m and widths of ∼5 m-to potentially result from tensional fissuring during a single earthquake event (Armijo et al. 1989; Baljinnyam et al. 1993; Walker et al. 2006) . Several of these fissures are shown in Fig. 8(d) . The majority of them are elongated along a trend of ∼60
• , oblique to the overall 90
• trend of the fault and indicative of left-lateral faulting. The remainder of the fissures are elongated parallel to the trend of the fault.
Between longitude 96
• 30 E and Yaruu town the fault bends to a NE-SW orientation and, as it does so, acquires a substantial upto-south vertical component of slip (Fig. 7a) . The change in nature of faulting can be seen in the distance of Fig. 8(d) , and in more Fig. 6 for location). Hag Nuur lake is situated at a left-step in the fault trace and has presumably formed in a pull-apart basin. A distinctive rock unit (labelled X and outlined with dotted red lines) that appears white in the 5,4,1 band combination, appears to be displaced left-laterally by ∼11 km, though this displacement may be inherited from earlier phases of faulting. (b) Close-up ASTER images (RGB 3n,2,1) of sag-ponds and pressure-ridges along the Hag Nuur fault (see part 'a' for location). The fault trends ∼95 • between the white arrows. The long axis of the sag-ponds are oriented ∼80 • in a right-stepping arrangement common in left-lateral fault zones (see Fig. 8a ). Because the ASTER image was acquired in the morning the southern, north-facing, slopes are in shadow whereas pressure-ridges are illuminated on their southern, south-facing, sides. (c) ASTER image (RGB 3n,2,1) of the Hag Nuur fault where it bends away from an east-west trend to an orientation of ∼105 • . As it bends, the fault acquires a vertical component of slip, and produces a north-facing scarp. A series of south-flowing-and slightly incised-streams in the west of the image show apparent left-lateral displacements of several tens of metres. (d) A final ASTER image (RGB 3n,2,1) of the fault just west of Hag Nuur (see 'a' for location). The east-west fault trace is extremely linear and composed of well preserved en-echelon sag-ponds and small depressions (see Fig. 8d , for examples) interspersed with occasional low pressure-ridges. (Baljinnyam et al. 1993; Walker et al. 2006) . (e) View east along a north-facing scarp. The fault, which is marked by a line of lush green vegetation, runs along the base of a step in the topography. We suspect that the fault acquires a normal component of slip here as it approaches the Hag Nuur pull-apart. Fig. 8(e) , where a substantial height change occurs across the fault line (marked by a green, vegetated, line running across the centre of the image). Hag Nuur lake is situated in a broad depression (e.g. Fig. 8f ) between the NE-SW trending Hag Nuur fault and additional short scarps, trending both NW-SE and NE-SW, which downthrow the north shore of Hag Nuur (Fig. 7a) . In the previous paragraphs we have shown multiple indications of almost pure left-lateral strike-slip along east-west sections of fault. The vertical scarps along NE-SW trending parts of the fault are therefore, interpreted to result from a normal component of slip. The Hag Nuur lake basin is thus situated within a small pull-apart basin along the fault.
The eastern Hag Nuur fault
In this section, we describe the parts of the Hag Nuur fault east of Yaruu town (Fig. 6) . East of Yaruu the fault bends to a roughly WNW-ESE trend and crosses an area of high, mountainous, topography. Two main strands are identified. The southern of these two parallel scarps has a vertical component of slip and can be identified in the field from eroded south-facing scarps developed in alluvial fans along the base of a prominent range-front (the fault was visited close to the main Ider-Uliastay road at ∼47
• 58 N 97
• 02 E). The existence of scarps in alluvial fan material suggests activity in the late Quaternary. The scarps are too eroded to say anything about the presence of a strike-slip component of motion. Most of the length of this fault segment has been mapped from ASTER satellite imagery.
The northern of the two parallel scarps is well preserved (Fig. 9a ). In the central parts of the image the fault trends east-west. Where it trends east-west, the fault can be followed in satellite imagery, but it is subdued, and has little effect on the local topography. In contrast, where the fault bends round to trend ∼125
• (near the top-left-and bottom-right-hand side of Fig. 9a ), it acquires a considerable vertical component and forms steep south-facing scarps. Fault-related uplift to the north of the scarps has caused incision of the northwardflowing tributary streams. The preserved remnants of northwardflowing stream channels that have been abandoned and diverted by uplift across the fault have been preserved as dry valleys (white stars in Fig. 9a) . We interpret the decrease in fault-generated topography in areas where the fault trends east-west as resulting from an increased component of strike-slip. Comparison with the Songino (Section 3.1) and western Hag Nuur (Section 3.2.1) faults suggest that the strike-slip component in the region shown in Fig. 9(a) is also left-lateral. The vertical component introduced at bends in the fault trace is thus likely to result from shortening.
The change in morphology introduced as the fault bends can also be seen in the field. Fig. 9(b) is a photograph looking ∼110
• along the fault trace (the trace is marked by a series of white arrows). In the foreground, the fault trends east-west and is marked by a series of low, north-facing, scarps marked by enhanced vegetation. There is no more than a few metres of height change across any of the scarps. Further towards the horizon the fault trace bends to the southeast, and, where it makes this bend, acquires a vertical component of slip that has produced a ridge, several tens of metres high, along the northeast side of the fault (outlined in black in Fig. 9b) . Apparent left-lateral stream displacements (Fig. 9c) may be a simple consequence of uplift. Stream incision on the northern, uplifting, side of the fault results in a narrowing of the stream channel. Abrupt narrowing of the channel at the fault scarp generates an apparent offset of the channel margins.
Right-lateral faulting near Ider
The main Hag Nuur fault is not the only active fault identified in this part of the Hangay mountains. Fig. 6 shows at least four NW-SE trending faults situated between Yaruu and Ider towns. The most clearly exposed of these four fault zones is situated directly north of Ider (Figs 2 and 10) . Fig. 10(a) is an ASTER satellite image showing a part of the Ider fault trace. North of latitude 48
• 17 N the fault can be seen as a red line running across a wide alluvial plain.
A digital elevation model (DEM) of the fault trace in alluvium is shown in Fig. 10(b) . The fault trace consists of a series of enechelon left-stepping sag ponds that are ∼100 m long and ∼30 m wide. The long axes of these sag ponds-marked on Fig. 10(b) by dotted red lines-trend between 200
• and 220
• , which is oblique to the ∼160
• overall trend of the fault. The sag ponds are separated by small pressure ridges. There is no clear alignment of the pressure ridges. The left-stepping en-echelon sag ponds are indicative of right-lateral slip. A slight change in height across the fault, with the western side uplifted with respect to the eastern side, indicates a minor vertical component of slip.
In the southern part of Fig. 10 (a) the fault runs along the base of a linear range-front. The range-front is marked by a line of generally lush vegetation punctuated with occasional springs. A second fault-trace runs along the hillsides parallel to the rangefront scarp. This second scarp follows a localized reversal of slope in the hillside suggestive of a dip-slip component of motion that would either be reverse faulting on an eastward-dipping plane or normal faulting on a west-dipping plane. A similar configuration of faulting-with two parallel scarps, one at the base of the rangefront, and another running parallel to it through the hillside-was observed following the right-lateral Mogod earthquakes of 1960 (see Bayasgalan & Jackson 1999, Fig. 1 ) and is interpreted to result from extensional fissuring above a fault with an overall reverse component of slip (Bayasgalan & Jackson 1999) . We suggest that, like the Mogod fault, the Ider fault possesses a small component of shortening.
There are several other NW-SE trending faults in the mountainous area between Ider and Yaruu (Fig. 6) . The traces of all these faults are visible in satellite imagery. We visited most of the NW-SE faults shown in Fig. 6 in 2007 following a road over the mountains from Yaruu to Ider. Scarps and ground deformation in alluvium were visible, and the faults are all likely to be active in the late Quaternary, but the fault traces were not as well preserved as those described for the Ider fault. Fig. 11 shows satellite imagery for two of the larger NW-SE faults. Right-lateral displacements of river systems are visible. In Fig. 11(a) , a series of two SW-draining rivers appear to be deflected right-laterally from their head-waters by ∼1 km. The ridge that separates the two river systems is also displaced across the fault. Fig. 11(b) is an ASTER image of a third NW-SE fault. Two eastward-draining rivers (marked by dotted yellow lines) show apparent right-lateral displacements of 0.6 km where they cross the fault.
The Hag Nuur fault system: a summary
Returning to Fig. 6 , we see that the Hag Nuur fault system predominantly trends east-west and, from the field and remote-sensing evidence presented above, accommodates left-lateral slip. A distinctive NW-SE trending rock unit, white-coloured in Fig. 7(a) , is displaced by ∼11 km across the fault. This bed-rock displacement could, at least in part, be inherited from Palaeozoic fault movements. However, additional evidence for a late Cenozoic displacement of Figure 9 . (a) ASTER image (RGB 3n,2,1) of the Hag Nuur fault east of Yaruu (see Fig. 6 for location). The fault is marked along its length by white arrows. In the centre of the image it trends ∼90 • and has very little vertical component. In both the east and west of the image the fault bends round to a trend of ∼125 • , and, as it does so, acquires a component of vertical slip, with clear south-facing scarps (the vertical displacements are marked by '+' and '−' symbols). Dry valleys on the northern, uplifted, side of the fault are marked by white stars. A short section of the westward-flowing river is marked by a blue arrow. Short, northward-flowing, tributaries are marked by dashed blue arrows. (b) Field photograph, taken from point 'B' in Fig. 9a and looking ∼110 • , along the Hag Nuur fault (marked by white arrows). The introduction of a vertical component as the fault bends away from a 90 • trend is clearly seen (note: topography in the distance has been outlined to make it more clearly visible). (c) 3-D perspective view, generated using Google Earth, of the Hag Nuur fault where it bends to a trend of ∼125 • (approximate view is from point 'c' in Fig. 9a ). The eastern margins of stream channels flowing north across the fault scarp have apparent left-lateral displacements of 90-100 and 160 m. However, we suspect that the apparent displacements result from a component of vertical displacement (see text).
∼11 km comes from the Hag Nuur lake basin, which forms in a pull-apart along the fault, and is ∼10-12 km wide in an east-west direction (Figs 6 and 7a) .
East of Yaruu town, the fault bends to a WNW-ESE orientation, and we would expect a component of shortening across it. However, there is little variation in the peak heights (∼2700 m) of mountains on either side of the fault (Fig. 6 ). It is therefore, possible that shortening is instead accommodated by the NW-SE right-lateral faults found between Yaruu and Ider (Fig. 6) . In this interpretation, the right-lateral faults would accommodate shortening across a wide region by a combination of strike-slip and vertical axis rotation, in a manner similar to that suggested for the Altay mountains of western Mongolia (Baljinnyam et al. 1993; Bayasgalan et al. 2005) , while the main Hag Nuur fault accommodates the left-lateral component of slip.
The Uliastay fault system
We identify a series of possible active fault scarps in the region surrounding Uliastay town (Fig. 6) . The most convincing of these scarps, situated ∼10 km northeast of Uliastay, is shown in Fig. 12 . This fault has not been visited in the field and is identified solely by analysis of satellite imagery. The ASTER image in Fig. 12(a) shows an ∼6-km-long section of the ENE-WSW scarp (trending between the white arrows) as it traverses a series of northwestsoutheast oriented ridges and valleys cut by the tributaries of a major southward-flowing river (visible along the left-hand side of the image). Fig. 12(b) is a high-resolution Quickbird image, taken from Google Earth, of two closely spaced streams displaced leftlaterally across the NE-SW fault by ∼100 m. A possible second fault trace splays northward from the main fault and appears to introduce additional left-lateral displacement (Fig. 12b) .
We did not visit the short (∼4 km-long) active fault scarp marked ∼20 km west of Uliastay (Fig. 6) . It is instead identified in satellite imagery from a very clear scarp running through alluvial fans along the northern margin of a small mountain range. We suspect, given the clear exposure, that it may be a short section of a longer fault system. We map a third, possible, fault scarp ∼5 km south of Uliastay (Fig. 6) . We visited this possible fault in the area directly south of Uliastay in 2007. The fault is picked out as a series of saddles in the topography. No obvious scarps were observed and it is not clear if this fault is active in the late Quaternary.
The South Hangay fault system
The South Hangay fault system (Figs 1 and 13) is described by Schlupp (1996) , Cunningham (2001) and by Walker et al. (2007) . It extends for ∼350 km along the southern slopes of the Hangay and connects several previously recognized faults into a single structure. Our analysis of satellite imagery has identified additional faults within the South Hangay system, with a newly identified segment trending westwards for ∼50 km from Otgon town (Fig. 13a) . Walker et al. (2007) There are several indicators of total cumulative slip across the several parallel strands of the South Hangay strike-slip fault. In Fig. 13(b) we show a close-up LANDSAT satellite image of a series of N-S trending bedrock units. The red dotted line marks the contact between a blue-grey unit (left-hand side of the line) and a distinctive narrow band of a red-brown unit (right). The bed-rock units are displaced left-laterally by ∼0.8 km across the fault. To the south of the fault the rock units appear to have been warped over a Figure 13 . (a) Shaded relief SRTM topography of the South Hangay fault system (Walker et al. 2007 ). West of Bayan Bulag the fault breaks into at least four parallel segments. Two of these segments are mapped as far east as longitude 96 • E. Boxes show the areas represented in parts 'b' and 'c'. (b) Landsat image (RGB 5,4,1) of bed-rock displacements across one of the two longest segments of the South Hangay fault zone. The total left-lateral displacement is constrained to between 0.8 and 1.5 km (depending on whether sinistral drag of beds to the south side of the fault is accounted in the estimate). The contact between distinctive blue-grey and red-brown units is highlighted by a dotted red line. (c) Shaded relief SRTM of the second of the two major segments of the South Hangay fault where it is crossed by the Buyant Gol river. The fault trace is marked by white arrows. River courses, and intervening ridges, appear to be displaced left-laterally by small amounts (no more than 1 km). The Buyant Gol shows a displacement in its course of up to 2 km (based on the identification of a dry valley-deliniated by a red dotted line-that may represent the original course of the Buyant Gol on the south side of the fault.
north-south distance of ∼2 km. If we take this warping into account the total fault displacement increases to ∼1.5 km. Fig. 3(c) is a shaded-relief SRTM image showing the central strand of the South Hangay fault system (Fig. 13a) . The south-flowing Buyant Gol river (at the left-hand side of the image) crosses the fault with no apparent strike-slip displacement. However, we identify an possible older channel of the Buyant Gol, now preserved as a dry valley within hills on the south side of the fault, which would indicate ∼2 km of left-lateral slip (Fig. 13c) . Smaller southwardflowing tributaries of the Buyant Gol, and the ridges that separate these tributaries, also appear to be displaced left-laterally by small amounts (<1 km) where they cross the fault (Fig. 13c) . Schlupp (1996) also notes the apparent left-lateral displacement of these tributary river channels as they cross the South Hangay fault. We do not have any constraints on the total slip on the other two east-west fault strands near Otgon and Guulin towns (Fig. 13a) .
R AT E S A N D A G E S O F FAU LT I N G
We have no quantitative constraints on the slip rate of any of the left-lateral faults described in this paper. A north-south profile of the fault-parallel GPS velocities in central Mongolia (Calais et al. 2003) is shown in Fig. 14 . The positions of left-lateral fault systems (Tunka, Bulnay, Songino-Margats, Hag Nuur, South Hangay, Bogd and Gobi-Tien Shan) are labelled (compare with Fig. 1 ). The total east-west left-lateral shear across central Mongolia appears to be no more than ∼4-5 mm yr −1 . The clearest gradient in east-west velocity is seen in the northern half of the profile (kilometres 600-1200), where ∼4 mm yr −1 of east-west change in velocity is observed. The Tunka, Bulnay, Songino-Margats and Hag Nuur left-lateral faults are situated within the northern half of the profile. The southern half of the profile (0-600 km), containing the South Hangay, Bogd and Gobi-Tien Shan fault systems, shows considerable scatter and firm conclusions on the rates of left-lateral slip cannot be reached. A well-constrained maximum horizontal slip-rate of 1.55 ± 0.26 mm yr −1 for the Bogd fault, measured from offset alluvial fans, is determined by Ritz et al. (1995) , Vassallo et al. (2005) and Ritz et al. (2006) . An initiation age of 5 ± 3 Ma is obtained from the low-temperature cooling history of the Ih Bogd and Baga Bogd restraining bends along the Bogd strike-slip fault (Ritz et al. 1995; Vassallo et al. 2007) . Assuming a constant rate of slip on the Bogd fault yields a total left-lateral displacement of between ∼3 and 12 km.
The slip-rate and total displacement of the fault systems to the north of the Hangay are less well constrained than for the Bogd fault. There are no published late Quaternary slip-rates for the Bulnay fault (Fig. 1) . A rate of 2.6 ± 1.0 mm yr −1 is assigned on the basis of GPS measurements (Fig. 14 Calais et al. 2003 ) though a proportion of this slip could be accommodated on the previously unrecognized Songino-Margats and Hag Nuur faults. A total leftlateral displacement of ∼50 km is measured from bedrock offsets (Zonenshein 1973; Baljinnyam et al. 1993) though whether this all relates to the most recent phase of activity is not known. The regional geomorphology of the Bulnay fault has not been described in detail, but the topography along it is relatively subdued, and it is difficult to imagine that ∼50 km of late Cenozoic slip could have occurred without having a substantial effect on the topography at bends along the fault. Left-lateral river displacements of several kilometres are observed at several locations along the fault. These displacements might be closer to the real late Cenozoic slip. (Examples of displaced rivers are found at ∼49
• 20.0 N 94 • 56.5 E and at ∼49
• 08.25 N 98
• 50.0 E. These examples are not shown in any of the figures). The rates of active left-lateral faulting in the Tunka region ( Fig. 1) are also not well constrained. Arjannikova et al. (2004) analyse the geomorphology of the region to suggest predominantly left-lateral slip with minor amounts of shortening. They use the GPS velocities of Calais et al. (2002) to estimate a rate of <1 mm yr −1 across the Tunka region.
Taken together, the well-constrained maximum estimate of ∼1.5 mm yr −1 for the slip-rate on the Bogd fault, and the possible rates of 2.6 ± 1.0 mm yr −1 on the Bulnay and <1 mm yr −1 on the Tunka systems in the north, are sufficient to accommodate a large proportion of the 4-5 mm yr −1 of east-west left-lateral shear observed in the GPS velocities. The rates of present-day slip on strike-slip faults within the Hangay are thus likely to be small.
Total strike-slip displacements, measured from offsets of bedrock units, are measured at ∼3 km for the Margats segment of the Songino-Margats fault (Section 3.1), ∼3 km for the South Hangay fault (though we have no constraint on two of the four parallel segments, Section 3.4), and ∼11 km for the Hag Nuur fault (Section 3.2.4). It is possible, however, that these bed-rock displacements relate, at least in part, to Palaeozoic deformation events. We have no constraint on the total slip on the faults around Uliastay, but given that the mapped sections are rather short, and that the faults are less clear in the geomorphology than the other faults we have mapped, we suspect that the total displacement is not likely to be large. There is, therefore, a maximum of ∼20 km of left-lateral displacement across the faults of the Hangay. Given the large uncertainties both in the present-day rates of slip, and in the total late Cenozoic displacements across the fault, we cannot provide any firm conclusions on the initiation age of the Hangay faults.
D I S C U S S I O N
We have shown that east-west, left-lateral, strike-slip faults are a major aspect of the active deformation of the Hangay mountains. The strike-slip faults are mapped on a north-south transect through the western margin of the mountains. Eastward continuations of the strike-slip faults into the remote and mountainous interior of the Hangay are not obvious in satellite imagery. However, it is perhaps not surprising that active strike-slip faults are not clearly discernible in the interior of the Hangay mountains. The rates of distributed left-lateral shear that we identify must be slow at the present-day (e.g. Fig. 14 ; Calais et al. 2003) . The high topography of the Hangay mountains has been shaped by widespread glacial activity in the late Quaternary (Lehmkuhl & Lang 2001) . Glacial processes are efficient mechanisms of erosion both in the headward retreat of cirques (Oskin & Burbank 2005) and in the generation of deep and steep-sided river valleys. The combination of low rates of strain with high relief and mountainous topography may disguise traces of fault activity in the interior of the Hangay.
In addition to the probability that fault-related geomorphology in the mountainous interior has been obscured by erosion the pattern of faulting also appears to become more complex towards the east (Fig. 1) . The east-west strike-slip faults mapped in this paper are replaced by a series of normal faults (Fig. 1) , which predominantly strike NE-SW to N-S, and which show evidence for activity in the Holocene (Khilko et al. 1985; Baljinnyam et al. 1993; Cunningham 2001) . The presence of extensive normal faulting may be a consequence of localized extension introduced by the elevated topography (Baljinnyam et al. 1993; Cunningham 2001) . The uplift of the Hangay (at ∼25-30 Ma) is roughly contemporaneous with the beginning of extension in the Baikal rift zone at ∼30 Ma (Keller et al. 1995) . It is therefore, possible that the normal faulting observed within the Hangay is related in some way to extension in the Baikal region. Whatever the origin of the extension in the Hangay, the majority of normal faults within the Hangay show east-west slip directions that are consistent with the regional strain field (Sankov et al. 2007) . Possible exceptions to the overall pattern of east-west extension across normal faults do exist. We note, for example, that striations on an exposure of the NE-SW trending Egiin Dawaa normal fault indicate an apparent right-lateral component of slip, compatible with a north-south slip-vector azimuth (Cunningham 2001) . The NW-SE trending Bayan Hongor fault, which has been described both as a reverse and as a normal fault (Baljinnyam et al. 1993; Cunningham 2001; Walker et al. 2007) , is another exception, as suggested by a quarry exposure (visited briefly in 2007) of a normal fault plane. Further studies will help to clarify the role of the normal faults in the regional deformation.
The strike-slip faults that we identify all follow east-west oriented valleys within the western margin of the Hangay (see Figs 2, 6 and 13). It, therefore, seems that the faults have controlled the topography at a local scale. Presumably the presence of faulting reduces the strength of the nearby rocks and makes them more prone to fluvial erosion. However, although the east-west strike-slip faults do have an effect on the topography at a local scale, the mountains that bound the valleys do not show significant changes in height across the faults (see, for example, Figs 2, 6 and 13). The faults are, therefore, not responsible for the overall uplift and presumably post-date the initiation of the Hangay mountains at <25-30 Ma (Cunningham 2001) .
The pattern of diffuse active strike-slip faulting in central Mongolia is not unique. For instance, ∼12 ± 2 mm yr −1 of present-day right-lateral shear (e.g. McClusky et al. 2001 ) is accommodated across a series of parallel NW-SE striking strike-slip faults within the Eastern California Shear Zone of the western United States (e.g. Schermer et al. 1996) . The strike-slip faults are distributed across a zone of ∼100 km width and the majority show evidence for late Cenozoic activity at relatively slow rates of slip (Rockwell et al. 2000; Rymer 2002; Oskin & Iriondo 2004; Oskin et al. 2007; Dolan et al. 2007 ). The pattern of strain is also similar to that seen around the Dasht-e Lut desert in eastern Iran (Walker & Jackson 2004; Meyer & Le Dortz 2007) where ∼16 mm yr −1 of presentday right-lateral shear (e.g. Vernant et al. 2004 ) is accommodated across several presently active, and parallel, N-S trending rightlateral fault systems distributed over a zone ∼400 km wide. In both these examples, the distributed right-lateral strike-slip faults end in east-west oriented left-lateral fault systems (the Garlock fault in California and the Doruneh and Dasht-e Bayaz faults in Iran) that accommodate right-lateral shear by rotating clockwise about a vertical axis (e.g. Schermer et al. 1996; Jackson & McKenzie 1984 ). This arrangement is again similar to that seen in Mongolia, where the east-west left-lateral faults of central Mongolia end to the west at the north-south right-lateral faults of the Altay (Fig. 1) . The rightlateral faults of the Altay are thought to accommodate shortening by anticlockwise rotation about a vertical axis (e.g. Bayasgalan et al. 2005) .
One of the most remarkable aspects of the active deformation within the western Hangay, and in fact the entire Hangay region, is that it has no signature in the distribution of recorded earthquakes (Fig. 1 ). An analysis of instrumentally recorded earthquake distributions would not, therefore, uncover any of the fault systems identified in this paper: even though the faults appear to have accommodated cumulative left-lateral strain of several kilometres and show abundant evidence of slip in the late Quaternary. It is the exceptional level of preservation of landforms in Mongolia that allows us to recognize, and map, the active faults from their subtle expression in the landscape. We therefore, suggest that diffuse patterns of faulting such as those found in central Mongolia might well be present in aseismic blocks within other deforming parts of the continents where the geomorphology is not preserved to as high a level as in Mongolia. A lack of seismicity does not therefore require a lack of active deformation.
C O N C L U S I O N S
We have shown that the Hangay mountains of central Mongolia are actively deforming on a diffuse system of east-west left-lateral strike-slip faults. The rates of strain are likely to be small across these faults (<1 mm yr −1 ). However, slip on the strike-slip faults is consistent with the regional strain field and shows that the Hangay plays a previously unrecognized role in the accommodation of regional tectonic strain. Diffuse networks of active faults, similar to those identified for central Mongolia, may be present in other slowly deforming continental regions in which there is no instrumental record of earthquakes and in which through-going active faults have not been identified. It is the low population density and arid environment of Mongolia that aid the subtle preservation of landforms diagnostic of active faulting.
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